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Titanium dioxide (TiO2) in water as nanoﬂuid was employed for heat transfer enhancement together
with overlapped dual twisted tapes (O-DTs). The study encompassed Reynolds numbers from 5400 to
15,200, O-DTs with overlapped twist ratios (yo/y) of 1.5, 2.0 and 2.5 and nanoﬂuids with TiO2 volume
concentrations (f) of 0.07%, 0.14% and 0.21%. The experimental and numerical results indicated that O-
DTs with smaller overlapped twisted ratio delivered a stronger swirl intensity and higher turbulent ki-
netic energy (TKE). The use of O-DTs at the smallest overlapped twist ratio of 1.5 enhanced heat transfer
rates up to 89%, friction factor by 5.43 times and thermal performance up to 1.13 times as compared to
those of plain tube. In addition, heat transfer increased as TiO2 volume concentration of nanoﬂuid
increased, owing to the increases of contact surface and thermal conductivity. The simultaneous use of
the O-DTs having twist ratios 1.5 with the nanoﬂuid with TiO2 volume concentration of 0.21% resulted in
heat transfer enhancement around 9.9e11.2% and thermal performance improvement up to 4.5% as
compared to the use of O-DTs alone. The empirical correlations of heat transfer rate (Nu), friction factor
(f) and thermal performance (h) in a constant wall heat ﬂux tube equipped O-DTs at different overlapped
twist ratios (yo/y) and volume concentrations of TiO2 nanoparticles (f) are also reported for heat transfer
applications.
© 2015 Karabuk University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Heat transfer processes are widely used in numerous areas
including heat exchanger, cooling processes, heating and chemical
processes. The poor heat transfer properties of common ﬂuids
(such as water, mineral oil and ethylene glycol) compared to most
solids is a primary obstacle to effectiveness of heat processes.
However, clogging in the process may be found in the tube when
the ﬂuid with large particles is employed. With awareness of this
problem, nanometer particle in the ﬂuid (as called “nanoﬂuid”) is
an attractive solution which provides not only the enhanced ther-
mal conductivity but also long term stability and low pressure drop
[1]. Titanium dioxide (TiO2) is one of promising materials for heat
transfer enhancement purpose due to its excellent chemical andes.
ersity.
d hosting by Elsevier B.V. This is aphysical stability. In addition, TiO2 particles are cheap and
commercially available. TiO2 nanoparticles suspended in conven-
tional ﬂuids were extensively utilized in various forms of heat ex-
changers, including circular tube [2,3], a double tube [4e6] and a
shell and tube [7].
Another alternative method to enhance heat transfer is to insert
twisted tape into a core tube. This approach induces secondary
recirculation to the axial ﬂow, leading to an increase in tangential
and radial turbulent ﬂuctuation and thus reducing a thickness of
the boundary layer. Using nanoﬂuid together with twisted taped for
heat transfer enhancement was reported in numerous research
works such as twisted tape inserts with Al2O3/water nanoﬂuid
[8,9], helical twist tape inserts with Al2O3/water nanoﬂuid [1],
twisted tape with alternate axis inserts with CuO/water nanoﬂuid
[10], twisted tape inserts with CuO/water nanoﬂuid in corrugated
tube [11], dual twisted tape inserts with CuO/water nanoﬂuid in
micro-ﬁn tube [12], helical screw tape inserts with Al2O3/water
nanoﬂuids [13], helical screw tape inserts using CuO/water nano-
ﬂuids [14], and propeller inserts with TiO2/water nanoﬂuid [15].n open access article under the CC BY-NC-ND license (http://creativecommons.org/
Nomenclature
A heat transfer surface area, m2
cp speciﬁc heat of ﬂuid, J kg1 K1
D inside diameter of test tube, m
f friction factor ¼ DP/((L/D)(rU2/2))
h heat transfer coefﬁcient, W m2 K1
k thermal conductivity of ﬂuid, W m1 K1
L length of test section, m
_m mass ﬂow rate, kg s1
Nu Nusselt number ¼ hD/k
P pressure of ﬂow in test tube, Pa
DP pressure drop, Pa
Pr Prandtl number ¼ mCp/k
Q heat transfer rate, W
Re Reynolds number ¼ rUD/m
t thickness of the test tube, m
T temperature, C
~T mean temperature, C
U average velocity, m s1
V voltage, V
_V volume ﬂow rate, m3 s1
W tape width, m
y pitch length of twisted tape, m
yo overlapped pitch length of tape, m
yo/y overlapped twist ratio
Greek symbols
r ﬂuid density, kg m3
d tape thickness, mm
m ﬂuid dynamic viscosity, kg s1 m1
h thermal performance factor
f concentration of nanoﬂuid, % by volume
Subscripts
b bulk
conv convection
i inlet
f nanoﬂuid
np nanoparticle
o outlet
p plain tube or particle
t twisted tape
w wall or water
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escorted by the increase of ﬂow resistance. The proper modiﬁcation
of twisted tape is a key approach to achieve a reasonable tradeoff
between the increases of heat transfer rate and ﬂow resistance. The
twisted tape modiﬁcation was made in order to improve the
convective heat transfer and reduce ﬂow resistance in heat ex-
changers. The modiﬁed twisted tape inserts include regularly
spaced twisted-tape elements [16e18], regularly spaced short-
length twisted tape [19], spacer at the trailing edge of twisted
tapes [20], and loose-ﬁt twisted tapes [21] were proposed. These
modiﬁed twisted tapes enhanced heat transfer signiﬁcantly in
laminar ﬂow regime. In the case of turbulent ﬂow, the modiﬁcation
of geometrical twisted tapes are widely used due to the following
advantages: (i) strengthening temperature uniformity in the core
ﬂow; (ii) increasing ﬂuid disturbance in the core ﬂow; (iii) reducing
surface area of heat transfer component in the core ﬂow; (iv)
decreasing ﬂuid disturbance in the boundary ﬂow [22]. To increase
ﬂuid disturbance around the tape edges, the tapes weremodiﬁed in
different forms including delta-winglet twisted tape [23], square-
cut twisted tape [24], V-cut twisted tape [25], trapezoidal-cut
twisted tape [26], centre-cleared twisted tape [27,28], serrated
twisted tape [29], edgefold-twisted-tape [30], peripherally-cut
twisted tape with an alternate axis [31], perforated twisted-tapes
[32], and notch twisted tape [33]. To increase the core ﬂow
disturbance, the tapes were modiﬁed in different forms such as
non-uniform twisted tape [34], alternate clockwise and counter-
clockwise twisted-tape [35,36], and twisted tapes consisting of
centre wings and alternate-axes [37].
The modiﬁed twisted tapes were also presented in the form of
multiple twisted tapes which used as the multiple swirl generators
for enhancing the heat transfer rate in a circular tube. Chang et al.
[38] reported that the use of twin twisted tapes resulted in heat
transfer improvement 98e180% over that of the plain tube. Eiamsa-
ard et al. [39] carried out the experiment to study the thermohy-
draulic characteristics in a round tube heat exchanger equipped
with twin counter/co twisted tapes (counter/co-swirl tape) at four
different twist ratios (y/W ¼ 2.5, 3.0, 3.5 and 4.0) in turbulent re-
gions under a constant wall heat ﬂux conditions. The experimental
results demonstrated that the heat transfer rate of the tubewith thecounter twisted tapes was higher than those of the tube with co
twisted tapes up around 12.5e44.5%. The use of counter twisted
tapes and co twisted tapes with smallest y/W of 2.5 resulted in the
highest thermal enhancement factors of 1.39 and 1.1, respectively.
In addition, Eiamsa-ard et al. [40] reported the effect of the
regularly-spaced dual twisted tape inserts at three different space
ratios (s/D ¼ 0.75, 1.5 and 2.25) on the pressure drop and heat
transfer behaviours. It was found the heat transfer rate and pres-
sure drop were decreased with increasing space ratio (s/D). Heat
transfer rates of the tubes with regularly-spaced dual twisted tapes
(s/D) of 0.75, 1.5 and 2.25 were respectively up to 140%, 137% and
133% over that of the plain tube. Zhang et al. [22] studied the heat
transfer enhancement by triple and quadruple twisted tapes which
induced multi-longitudinal vortices in a tube. Their results showed
the tubes triple twisted tapes with the clearance ratio of a/D¼ 0.25,
0.3 and 0.35 possessed heat transfer rates higher than that of the
plain tube around 162%, 164% and 171%, respectively, and higher
than those of the tubes with quadruple twisted tapes at the same a/
D around 180%, 182% and 189%, respectively. The friction factors of
the tube ﬁtted with triple twisted tapes with a/D ¼ 0.25, 0.3 and
0.35, were, respectively, around 5.33e6.27, 5.84e6.76 and
5.99e7.02 times of that of the plain tube and around 4.06e4.74,
4.36e5.06 and 4.45e5.19 times of those of the tubes ﬁtted with
quadruple twisted tapes at the same a/D. Hong et al. [41] carried out
the numerical simulation to study turbulent heat transfer and ﬂow
characteristics in converging-diverging tubes (CDs) and
converging-diverging tubes with twin counter-swirling twisted
tapes (CDTs) inserts. They found that the increases in the heat
transfer rate and friction factor for CDTs were higher than those of
the CDs around 6.3e35.7% and 1.75e5.3 times, respectively.
Although, heat transfer enhancement by nanoﬂuid and twisted
tape has been extensively studied and reported as literature review
shown above, the explanation for the effect of twisted tape archi-
tecture together with nanoﬂuid and also nanoﬂuid concentration
on the thermal performance is still limited and scarcely reported.
This is the driving force for this research work. The ﬁnite volume
method is used as a tool to study swirling ﬂow and heat transfer
characteristics by overlapped twisted tapes (with different over-
lapped twist ratio and twist lengths) together with TiO2ewater
S. Eiamsa-ard et al. / Engineering Science and Technology, an International Journal 18 (2015) 336e350338nanoﬂuids (with different concentrations). Finally, the experi-
mental data are used to develop the empirical correlations for
Nusselt number, friction factor and thermal performance factor for
a wide range of heat transfer applications.Fig. 2. SEM image of TiO2 nanoparticles.2. Experimental setup
2.1. Overlapped dual twisted tapes
Fig. 1 demonstrated the geometries of the overlapped dual
twisted tapes (O-DTs). The tapes were made of a thin aluminium
sheets with thickness of 0.8 mm and tape width of 8 mm (W). Each
twisted tapes was fabricated by twisting a straight tape, about its
longitudinal axis, while being held under tension. Twisted tapes
were twisted at 4 different twist lengths (180/twist length): 36, 48
and 60 mm. The overlapped dual twisted tapes (O-DTs) were
formed by coupling each of three twisted tapes at twist length of
24 mm (y) with each of other three tapes at different twist lengths
(y0 ¼ 36, 48 and 60 mm). Therefore, three pairs of the overlapped
dual twisted tapes (O-DTs) with yo/y ¼ 1.5, 2.0 and 2.5 were
obtained.2.2. Preparing of TiO2/water nanoﬂuid
The TiO2 nanoparticles with an average diameter of 15 nmwere
purchased fromNanostructured and AmorphousMaterial, Inc, USA.
Fig. 2 shows the scanning electronmicroscopy (SEM) photograph ofFig. 1. O-DTs at various overlapped twist ratios: (a) yo/y ¼ 2.5,the TiO2 particles. Prior to testing, TiO2 nanoparticles were
dispersed in de-ionized water (the base ﬂuid) at three different
concentrations of f ¼ 0.07%, 0.14% and 0.21% by volume. Then, the
mixture was sonicated continuously for 180 min in an ultrasonic
bath under ultrasonic pulses of 100 W at 36 ± 3 kHz for uniform
dispersion of particles. Moreover, the sonication treatment signif-
icantly improved the stability of suspension. It took longer than(b) yo/y ¼ 2.0, (c) yo/y ¼ 1.5 and (d) front view (unit: mm).
S. Eiamsa-ard et al. / Engineering Science and Technology, an International Journal 18 (2015) 336e350 339180 min after preparation for TiO2 nanoparticles to start precipi-
tated. Thus, TiO2 nanoparticles were still well dispersed in water
before feeding into the tube.
2.3. Apparatus and procedure
The experimental facility of the present study is shown in Fig. 3.
The facility mainly consisted of: (1) a heat exchanger tube, (2)
cooling water tank and overhead ﬂuid tank, (3) a set of thermo-
couple, (4) data logger, (5) manometer, (6) a centrifugal pump, (7)
rotameter, (8) multi-meter and (9) variac transformer. The tubewas
made from copper having a diameter (D) of 19 mm, a length (L) of
1000 mm and thickness (t) of 1.5 mm. The length of a calm section
was set at 1200 mm. In the heat transfer experiment, the tube was
heated by an electrical heater wire attached around circular tube toFig. 3. Layout of the exprovide a constant wall heat ﬂux boundary condition. The electrical
output power was controlled by a variac transformer. The outer
surface of the tested tube was well insulated to minimize convec-
tive heat loss to surroundings. Prior to testing, the inlet and outlet
temperatures of the bulk ﬂuid were measured and recoded at
certain points using a data logger in conjunction with RTDs cali-
brated within ±0.2 C deviation by thermostat. Fifteen local tem-
peratures on the upper, lower and side walls of the test tube were
measured using type T thermocouples.
During the experiments, the inlet bulk ﬂuids at 26 C were
transferred by a 1.0 hp centrifugal pump through the ﬂuid setting
tank, rotameter and then the heat transfer test tube. The bulk ﬂuids
were heated by an adjustable electrical heater wrapping along the
test tube. The temperature, volumetric ﬂow rate and pressure drop
data of the bulk ﬂuids were recorded at steady state condition. Theperimental facility.
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The properties of ﬂuids for the ﬂow and heat transfer evaluations
were based on the average temperature of tubewall and inleteoutlet
ﬂuid temperatures. It should be remarked that the pressure drop of
the heat transfer test tube was measured with manometer under an
isothermal condition, without turning on heating unit. In the exper-
iments, the overlapped dual twisted tapes (O-DTs)were inserted into
the test section at different overlapped twist ratios of yo/y ¼ 1.5, 2.0
and 2.5, and at different volume concentrations of TiO2 nanoparticles
of f ¼ 0.07%, 0.14% and 0.21% by volume (Table 1).
3. Mathematical model and numerical method
The available ﬁnite difference procedures were employed to
solve the governing partial differential equations for swirling ﬂows
and boundary layer. Some simplifying assumptions were applied
for conventional ﬂow momentum and energy equations to model
the heat transfer process in a constant heat ﬂux tube with O-DTs.
The major assumptions are; (1) the ﬂow is steady and incom-
pressible, (2) the ﬂow through the O-DTs is turbulent, (3) natural
convection and thermal radiation are neglected and (4) the
thermo-physical properties of the ﬂuid are temperature indepen-
dence. Based on above approximations, the governing differential
equations used to describe the ﬂuid ﬂow and heat transfer in a
circular tube equipped with O-DTs were established. The continu-
ity, momentum and energy equations for the three dimensional
models were employed. For steady ﬂow, the time-averaged
incompressible NaviereStokes equations in the Cartesian tensor
notation can be written in the following form:
Continuity equation:
v
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Momentum equation:
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Details of test tube and experimental conditions.
(a) Inner diameter of tube, D 19 mm
(b) Outer diameter of tube, Do 22 mm
(c) Wall thickness of tube, 1.5 mm
(d) Length of tube, L 1000 mm
(e) Material Copper
(f) Wall condition Constant heat ﬂux
(g) Inlet temperature, Ti 26 C
(h) Reynolds number, Re 5400e15,200
(i) Type of base ﬂuid Water
(j) Type of nanoparticle TiO2
(k) Average diameter of nanoparticle, dp 15 nm
(l) Nanoﬂuid concentrations 0.07, 0.14 and 0.21%
by volume
(m) Thermal conductivity coefﬁcient of
nanoparticles, kp
13.7 W/m K
(n) Nanoparticle density, rp 4170 kg/m3
(o) Density of nanoﬂuid, rnf See Eq. (4) kg/m3
(p) Speciﬁc heat of nanoﬂuid, cnf See Eq. (5) J/kg K
(q) Thermal conductivity coefﬁcient of nanoﬂuid, knf See Eq. (6) W/m K
(r) Viscosity of nanoﬂuid, mnf See Eq. (7) Pa sIn the present numerical solution, the time-independent
incompressible NaviereStokes equations and the turbulence
model were discretized using the ﬁnite volume technique. QUICK
(Quadratic upstream interpolation for convective kinetics differ-
encing scheme) and central differencing numerical schemes were
applied for convective and diffusive terms, respectively. The
pressureevelocity coupling algorithm SIMPLE (Semi Implicit
Method for Pressure-Linked Equations) was selected for evalu-
ating the pressure ﬁeld. Impermeable boundary condition was
implemented over the tube wall. The turbulence intensity was
kept constant at 10% at the inlet. The computation was performed
until the difference between normalized residual of the algebraic
equation and the prescribed value fell below a convergence cri-
terion (106).
The computational domain for the ﬂow in tube ﬁttedwith O-DTs
was resolved by regular Cartesian elements. The pattern was
applicable for only 180 twist length due to the periodic ﬂow. The
numerical analysis was made for O-DTs at three overlapped twist
ratios (yo/y ¼ 1.5, 2.0 and 2.5). Grid independent solution was ob-
tained by comparing the solution for different grid levels. The total
numbers of elements used are approximately 769,472, 519,852 and
1,267,687 for yo/y ¼ 1.5, 2.0 and 2.5, respectively. The higher
numbers of elements employed for the tapewith yo/y¼ 2.5, are due
to the larger twist length in comparison with the other tapes. The
computation was performed at Reynolds number (at the inlet) of
10,000. The inlet temperature was kept constant at 300 K and the
tube wall condition was maintained under constant wall heat ﬂux
of 1000 W/m2.4. Data reduction
4.1. Thermophysical properties of nanoﬂuids
The thermophysical properties (density, speciﬁc heat, viscosity
and thermal conductivity) of the nanoﬂuid were calculated as a
function of nanoparticle volume concentration (f) together with
properties of base ﬂuid and nanoparticles. The density of nanoﬂuid
was evaluated using the general formula for the mixture:
rnf ¼ ð1 fÞrwater þ frnp (4)
The speciﬁc heat of the nanoﬂuid was evaluated from:
cp;nf ¼
frnpcp;np þ ð1 fÞrwatercp;water
rnf
(5)
These equations were recommended for nanoﬂuids through
experimental validation by Pak and Cho [2] and Xuan and Roetzel
[42]. The thermal conductivity was calculated fromMaxwell model
[43] as shown in Eq. (6) which was recommended for homoge-
neous and low volume concentration liquidesolid suspensions
with randomly dispersed, uniformly sized and non-interacting
average spherical particles [44].
knf
kwater
¼ knp þ 2kwater þ 2f

knp  kwater

knp þ 2kwater  f

knp  kwater
 (6)
Viscosity of nanoﬂuids was calculated via the general Einstein's
formula [45].
mnf ¼ mwaterð1þ hfÞ (7)
Where h ¼ 2.5, as recommended for hard spheres [44].
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In the present work, the heat transfer rate of working ﬂuids was
calculated by using the difference between inlet and outlet working
ﬂuid temperatures as
Qfluid ¼ McpðTo  TiÞ (8)
The thermal equilibrium test showed that the heat supplied by
electrical winding in the test section is 5e8% larger than the heat
absorbed by the working ﬂuid.
QIV  QfluidQIV
 100%  5e8% (9)
At the steady-state rate, the heat transfer taken by the ﬂuid is
equal to the convection heat transfer from the test section which
can be expressed as
Qfluid ¼ Qconv (10)
where
Qconv ¼ hA

~Tw  Tb

(11)
where Qconv is the convection heat transfer from the test section, A
is the heating internal surface area, Tb is average ﬂuid bulk tem-
perature in the tube and ~Tw is average wall temperature lined be-
tween the inlet and the exit of the test tube.
~Tw ¼
X
Tw=15 (12)
where Tw is the local wall temperature and evaluated at the outer
wall surface of the test tube. The average heat transfer coefﬁcient
(h) was determined by combining Eqs. (8) and (11) as
h ¼ McpðTo  TiÞ=A

~Tw  Tb

(13)
For the local heat transfer coefﬁcient, the bulk-ﬂuid and wall
temperatures were selected from a speciﬁc local station. Nusselt
number is calculated using the following equation;
Nu ¼ hD=k (14)Fig. 4. Validation test of the present plain tube.
Fig. 5. Effect of O-DTs on heat transfer rate: (a) Nu and (b) Nut/Nup.where D is the inner test tube and k is the thermal conductivity of
the ﬂuid (water/nanoﬂuid).4.3. Calculation of the friction factor
The pressure drop (DP) across the test section length (L) is
calculated from the difference of the levels of manometer ﬂuid.
Then pressure drop data were subjected to the calculation of fric-
tion factor via the following equation;
f ¼ ðD=LÞ

2DP
.
rU2

(15)
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measured volumetric water/nanoﬂuid ﬂow rate by the inlet cross-
section area (A).
The Reynolds number based on inner test tube diameter is given
by
Re ¼ rUD=m (16)
All of the thermo-physical properties (k, r, m, cp) used for the
calculation of the dimensionless number (Nu and Pr) are all eval-
uated at the bulk ﬂuid temperature (Tb) from Eq. (17).
Tb ¼ ðTo þ TiÞ=2 (17)Fig. 6. Contour plots of velocity vector, turbulent kinetic energy, temperature ﬁeld, str4.4. Calculation of the thermal performance factor
In the present study, the concept of equal pumping power is
applied as performance evaluation criteria. For constant pumping
power

_VDP

p
¼

_VDP

t
(18)
The relationship between friction and Reynolds number can be
expressed as

fRe3

p
¼

fRe3

t
(19)eamline and local Nusselt number of O-DTs at overlapped twist ratio, yo/y ¼ 2.5.
S. Eiamsa-ard et al. / Engineering Science and Technology, an International Journal 18 (2015) 336e350 343The thermal performance factor (h) of the tube ﬁtted with
overlapped dual twisted tapes (O-DTs) under same pumping power
criteria is given by
h ¼

ht
hp

pp
(20)
where hp and ht are the heat transfer coefﬁcient for the plain tube
and the tube with O-DTs inserts, respectively.Fig. 7. Contour plots of velocity vector, turbulent kinetic energy, temperature ﬁeld, str4.5. Uncertainties of measurements
In this investigation, the inlet Reynolds number of cold water
was varied from 5400 to 15,200. Uncertainties of measurements
were estimated based on ANSI/ASME [46]. The uncertainties in the
axial velocity, volumetric ﬂow rate, pressure, and temperature
measurements are found to be within ±6%, ±4%, ±5% and ±0.5%,
respectively. The accuracies of the measured quantities are
1.8  105 kg/s for the mass ﬂow rate, 0.05 C for temperature
different (DT), and 0.001 m for DL. In addition, the uncertainties ofeamline and local Nusselt number of O-DTs at overlapped twist ratio, yo/y ¼ 2.0.
Fig. 8. Contour plots of velocity vector, turbulent kinetic energy, temperature ﬁeld, streamline and local Nusselt number of O-DTs at overlapped twist ratio, yo/y ¼ 1.5.
S. Eiamsa-ard et al. / Engineering Science and Technology, an International Journal 18 (2015) 336e350344non-dimensional parameters were within ±5% for Reynolds num-
ber, ±7% for Nusselt number and ±9% for friction factor.5. Results and discussion
In this section, the effects of the overlapped dual twisted tapes
(O-DTs) and TiO2/water nanoﬂuids on the heat transfer, friction
factor and thermal performance factor characteristics are reported.The results of water (the base ﬂuid) in the plain tube are also re-
ported for comparison.
5.1. Validation experiments of plain tube
Firstly, the heat transfer and friction results of the present
plain tube (the tube without tape inserts) are validated by
comparing the present Nusselt numbers with those obtained
from the standard correlations of DittuseBoelter and present
Fig. 9. Effect of TiO2/water nanoﬂuid concentration on heat transfer rate: (a) Nu and (b) Nut/Nup.
S. Eiamsa-ard et al. / Engineering Science and Technology, an International Journal 18 (2015) 336e350 345friction factors with those obtained from Petukhov correlation
[47] and Blasius correlation [47].
DittuseBoelter correlation : Nu ¼ 0:023Re0:8Pr0:4 (21)
Petukhov correlation : f ¼ ð0:79 ln Re 1:64Þ2 (22)
The comparisons between Nusselt number (Nu) and friction
factor (f) for the present plain tube with standard correlations are
shown in Fig. 4. Apparently, the present data for the current plain
tube agree well with those from the standard correlations within
±3.5% for Nusselt number and ±2% for friction factor. Thus, it can be
concluded that the results from the present experimental facility
are reliable. Thus, the facility was employed for further investiga-
tion with O-DTs insert and nanoﬂuids. Note that the Nusselt
number (Nup) and friction factor (fp) of water in the present plain
tube were used to normalize Nu and f obtained from the tube with
O-DTs insert and nanoﬂuids.5.2. Heat transfer rate
5.2.1. Effect of O-DTs inserts
The heat transfer result in Fig. 5 indicates that Nusselt number
(Nu) consistently increased with increasing Reynolds number. At a
given Reynolds number, the tube ﬁtted with overlapped dual
twisted tapes (O-DTs) had higher than the plain tube (Fig. 5a). The
superior heat transfer of the tube with O-DTs can be attributed to
the dual swirl ﬂows formed by the O-DTs. It was also found that
heat transfer increased as overlapped twist ratios (yo/y) decreased.
As indicated by Nusselt number ratio (Nut/Nup) in Fig. 5b, using O-
DTswith yo/y¼ 1.5, 2.0 and 2.5 respectively resulted in heat transfer
enhancement of 1.77e2.07, 1.68e1.98 and 1.59e1.88 times of those
of the plain tube. To assess the effect of twisted tape modiﬁcation,
the single twisted tape (ST) insert with the same twist length was
also tested for comparison. Obviously, all tested O-DTs gave better
heat transfer than ST. This can be explained by the fact that the dual
swirl ﬂows generated by O-DTs give better ﬂuid mixing and more
efﬁcient thermal boundary layer disruption than the single swirl
ﬂow produced by the ST.
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associated with the use of O-DTs, the ﬁnite volume method is used
to present the contour plots of velocity vector, turbulent kinetic
energy, temperature ﬁeld, streamline and local Nusselt number
distribution of the tubes ﬁtted with O-DTs at Reynolds number of
10,000 as shown in Figs. 6e8. Contour plots of streamline through
the O-DTs in a circular tube under a constant heat ﬂux were pre-
dicted by RNG ke3 model using the QUICK scheme. The streamline
distribution shows that the O-DTs induced two overlapped swirling
ﬂowswhile the velocity vector plot shows that the O-DTs possessed
direct interaction around the clearance between two tapes, pro-
moting turbulence around the tapes. The O-DTs with smaller
overlapped twisted ratio (yo/y) gave higher turbulent kinetic en-
ergy (TKE) than the tapewith larger overlapped twisted ratio due to
a stronger swirl intensity. Thus, the use of O-DTs with smaller yo/y
resulted in thinner thermal boundary layer (temperature ﬁelds),
higher Nusselt number and more uniform Nusselt number distri-
bution, as comparison shown in Figs. 6e8.5.2.2. Effect of TiO2/water nanoﬂuid
Fig. 9a, b shows the effect of concentration of TiO2/water
nanoﬂuid on Nusselt number of the tube with O-DTs. For the
studied range, Nusselt number increased with increasing TiO2
concentration and all TiO2/water nanoﬂuids gave higher Nusselt
number than water as the based ﬂuid. The higher heat transfer
by nanoﬂuids arises from: (i) the ability of suspended nano-
particles enhancing thermal conductivity; (ii) movement of
nanoparticles delivering energy exchange. The higher volume
concentration of nanoparticles would increase thermal conduc-
tivity and contact surface, thus increasing heat transfer rate.
Nusselt number ratio result in Fig. 9b shows that the presence of
TiO2 at f ¼ 0.07%, f ¼ 0.14% and f ¼ 0.21% enhanced Nusselt
number by 4.5e5.5%, 6.7e7.8% and 9.9e11.2%, respectively,
compared to that of water.5.3. Friction loss
5.3.1. Effect of O-DTs inserts
The friction factor (f) and friction factor ratio (ft/fp) of the O-DTs
inserts are depicted in Fig. 10a, b. Compared to the plain tube, the
use of O-DTs resulted in an increase in friction factor. Friction factor
increased as yo/y decreased, attributed to an increase in contact
surface area and the ﬂow mixing effects. As shown in Fig. 10b, the
maximum friction factor ratios (ft/fp) of O-DTs with yo/y ¼ 1.5, 2.0
and 2.5 were found to be 5.43 times, 4.95 times and 4.55, respec-
tively. In addition, at the same Reynolds number, O-DTs caused
26.5e45.5% higher friction factor than the typical single twisted
tape (ST), since double swirl ﬂows give stronger ﬂow disturbance
than a single swirl ﬂow.Fig. 10. Effect of O-DTs on friction loss: (a) f and (b) ft/fp.5.3.2. Effect of TiO2/water nanoﬂuid
The effect of TiO2 nanoparticles inwater on the friction factor (f)
and friction factor ratio (ft/fp) is presented in Fig. 11a, b. At a given
Reynolds number, nanoﬂuids caused higher friction factor than
water (the based ﬂuid). When volume concentrations of TiO2
nanoparticles increased, friction factor increased as seen in Fig. 11a.
For the present range, the use of nanoﬂuid at TiO2 volume con-
centration of (f) 0.21% caused up to 7.9% and 4.8% higher friction
factors than those of the ones with f ¼ 0.07% and 0.14%, respec-
tively. The use of nanoﬂuid at TiO2 volume concentration of 0.07%
led to higher friction factor than the based ﬂuid around 10%. The
increase in friction factor can be caused by collision of small par-
ticles during ﬂuid ﬂow.5.4. Thermal performance factor
5.4.1. Effect of O-DTs inserts
Thermal performance factor result associated by the use of O-
DTs and TiO2/water nanoﬂuids based on the same pumping power
criteria is shown in Fig. 12. Evidently, thermal performance factor
increased as yo/y of O-DTs decreased. This implies that by
decreasing yo/y, the augmentation of the heat transfer was more
pronounced than pressure drop penalty. The thermal performance
factor of O-DTs tended to decrease with the increase of Reynolds
Fig. 11. Effect of TiO2/water nanoﬂuid concentration on friction loss: (a) f and (b) ft/fp.
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a Reynolds number range of 5400 and 15,200 (practical range for
most industry process), indicated from thermal performance fac-
tors above 1 (h > 1.0). At Reynolds number of 5400, the thermal
performance factors up to 1.13, 1.11 and 1.08 were achieved by the
use of the tubes with O-DTs with yo/y ¼ 1.5, 2.0 and 2.5, respec-
tively. It is also noteworthy that the thermal performance factors of
the tubewith O-DTs inserts were 12e25.7% higher than those of the
tube equipped with ST.
5.4.2. Effect of TiO2/water nanoﬂuid
Fig. 13 depicts the effect of TiO2/water concentration on thermal
performance factor. At Reynolds number of 5400, the maximum
thermal performance factor of the tube with O-DTs at yo/y ¼ 1.5,
increased from 1.13 to 1.15 and 1.16, 1.18 when the based ﬂuid
(water) was replaced by the nanoﬂuids with for TiO2 concentra-
tions of 0.07%, 0.14% and 0.21%, respectively. Over the range
investigated, the thermal performance factors of nanoﬂuids with
f ¼ 0.07%, 0.14% and 0.21% were higher than that of the based ﬂuid
around 1.7%, 2.6% and 4.2%, respectively. Comparatively, the usenanoﬂuids with f ¼ 0.21% resulted in higher thermal performance
factor than that of those with f ¼ 0.07 and 0.14% around 2.2e2.8%
and 1.4e1.8%, respectively. It is noteworthy that thermal perfor-
mance factor was higher at lower Reynolds number, this implies
that O-DTs are more suitable for practical application at lower
Reynolds number.5.5. Empirical correlations
The experimental results of Nusselt number, friction factor and
thermal performance factor were used to develop the empirical
correlations by using least square regression analysis. The resultant
correlations are shown in Eqs. (23)e(25). The predicted data from
the empirical correlations of the Nupred, fpred and hpred are plotted
against experimental data of the Nuexp, fexp and hexp in Figs. 14e16.
As shown from these ﬁgures, themaximumdeviations between the
experimental data and correlations are within ±4%, ±3% and ±2%,
respectively, for Nusselt number, friction factor and thermal per-
formance factor.
Fig. 14. Comparison of Nusselt number between experimental present data and those
calculated from the present empirical correlations.Fig. 12. Effect of O-DTs on thermal performance factor.
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f ¼ 2:057Re0:234ðyo=yÞ0:311ð1þ fÞ0:886 (24)
h ¼ 5:538Re0:179ðyo=yÞ0:109ð1þ fÞ0:209 (25)
6. Conclusions
Heat transfer enhancement by overlapped dual twisted-tapes
(O-DTs) and TiO2/water nanoﬂuids was experimentally and
numerically investigated. The study encompassed O-DTs with
overlapped twist ratios (yo/y) of 1.5, 2.0 and 2.5 and nanoﬂuids withFig. 13. Effect of TiO2/water nanoﬂuid conceTiO2 volume concentrations (f) of 0.07%, 0.14% and 0.21%. The ob-
tained results indicated that O-DTs induced overlapped swirling-
ﬂows which played an important role in improving ﬂuid mixing
and heat transfer enhancement. Nusselt number, friction factor and
thermal performance increased with decreasing overlapped twist
ratio and increasing TiO2 volume concentration. The maximum
thermal performance factor of 1.18 was obtained by the use of O-
DTs with the smallest overlapped twist ratio (yo/y ¼ 1.5) and
nanoﬂuid at the maximum TiO2 volume concentration of 0.21%.
Thermal performances of the tubes with O-DTs at yo/y¼ 1.5, 2.0 and
2.5 varied between 0.94 and 1.18, 0.92 and 1.16, and 0.89 and 1.12,
respectively. For the present range, the use of TiO2/water nanoﬂuids
resulted in 1.7e4.5% higher thermal performance factor than the
use of the base ﬂuid (water). In addition, the empirical correlations
of heat transfer rate (Nu), friction factor (f) and thermalntration on thermal performance factor.
Fig. 15. Comparison of friction factor between experimental present data and those
calculated from the present empirical correlations.
Fig. 16. Comparison of thermal performance factor between experimental present
data and those calculated from the present empirical correlations.
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different overlapped twist ratios (yo/y) and volume concentrations
of TiO2 nanoparticles (f) are also reported for heat transfer
applications.
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